[1] We present results of an EOF analyses of yearly (1956 -2003), global ocean heat content fields (0 -700 m layer) on a one-degree, latitude-longitude grid. The observed global ocean heat content integral is wellreproduced by reconstructing this quantity using the first four EOFs. Results of an independent Fourier analysis of these same heat content fields show that the global heat content integral can be accounted for by phenomena with decadal and longer time-scales. The temporal variability of the global integral of 0-700 m ocean heat content is due to gyre and basin-scale spatial variability on decadal time-scales. The strong interdecadal variability observed in the ocean heat content record is associated with the reversal of polarity of the PDO.
Introduction
[2] The heat content of the world ocean increased during 1955 -2003 and this increase has dominated earth's heat balance during the past 50 years [Levitus et al., 2005a] . Here we present results of EOF (Empirical Orthogonal Function) analyses of gridded, yearly (1956 -2003) , ocean heat content fields for the 0-700 m layer of the world ocean to describe the geographic patterns of ocean heat content variability. The heat content fields used here are described by Levitus et al. [2005a] . Independent of the EOF analysis, we performed Fourier analysis of the heat content fields to describe the dominant modes of temporal variability. Documenting these space and time scales is a step towards understanding the ocean heat content signal and gaining insight as to whether the observed changes in ocean heat content are due to internal variability of earth's climate system, external forcing, anthropogenic forcing or a combination of these. Although some EOF patterns we describe may be associated with physical modes of the ocean and/or ocean-atmosphere system, multivariate analysis is dependent on the exact region and time period used in an analysis. Thus, caution is required in interpreting these global EOFs as ''physical'' modes of the ocean. Some of the results presented here are similar in some ways to patterns derived from EOF analyses of sea surface temperature (SST) [Zhang et al., 1997] . However there are also substantial differences between the variability of SST and ocean heat content thus requiring a separate analysis. In particular the variability of SST does not reflect the variability of the underlying thermocline in the western tropical Pacific and Atlantic oceans.
Results of EOF Analyses
[3] We describe results of EOF analysis for which we did not remove the linear trend from the heat content fields. For comparison, in section 5 we discuss results of an EOF analysis of the linearly detrended fields which are shown as auxiliary figures associated with this paper 1 . Our analysis was performed using the covariance matrix of the heat content fields. Figure 1 shows the spatial patterns (eigenvector) of the first four EOFs and their associated time series (principal components). The four EOFs account for 11.1, 8.7, 5.0, and 4.2% of the total variance respectively. EOF 1 is dominated by an east-west, tropical, trans-Pacific dipole in ocean heat content. The time series is characterized by interannual variability associated with El Ni`ño and a large, step-like shift during the late-1970s from generally negative to generally positive values. This shift coincided with the change in polarity of the Pacific Decadal Oscillation (PDO). observed a similar shift for 0 -125 m heat content fields. Another area exhibiting substantial change is the Gulf Stream region which exhibits warming associated with this EOF. The second and third EOFs are also associated with gyre and basin-scale patterns of variability of the Pacific Ocean. The second EOF is characterized by a region of negative polarity extending westward from the eastern boundary of the tropical Pacific Ocean and by a region of positive polarity extending northeastward from the western boundary of the tropical Pacific Ocean. The time variability of this pattern is characterized by a positive linear trend throughout the period. The third EOF is characterized by a transpacific region of negative polarity south of 5°N in the Pacific, by positive polarity in the 5 -15°N latitude band and along 30°N in the western Pacific, and by a region of negative polarity extending eastward along the Kuroshio and then curving south and west. The change in polarity along 5°N is striking. Meinen and McPhaden [2000] found a similar feature in an EOF analysis of the depth of the 20°C isotherm for 1980 -1999. They associated this feature with a north-south tilt of the thermocline during El Niño events along an axis centered at about 5°N. There is no obvious trend associated with the temporal variability of the third EOF. The fourth EOF is characterized by a region of large positive polarity in the western Pacific south of the Kuroshio Extension. After 1975 there is a slight positive trend in the time series associated with this EOF.
Reconstruction of Global Heat Content Integrals Using Combinations of EOFs
[4] To further elucidate the time and space scales associated with the global increase of ocean heat content, we constructed time series of the global integrals of heat content using combinations of EOFs 1 -4 and compare these reconstructed integrals with our original global time series. Figure 2 shows the global heat content integral reconstructed using EOF 1, EOFs 1-2, EOFs 1 -3, and EOFs 1 -4. Using the first four EOFs to reconstruct the global heat content integral accounts for most of the signal of the original global ocean heat content integral even though they account for only 29% of the total variance of the forty-eight yearly heat content fields. Even the first three EOFs (24.8%) do a reasonably good job of reproducing the global heat content integral. The global ocean heat content integral reconstructed from EOF 1 alone shows a step-like increase of 2 -3 Â 10 22 J during the change in polarity of the PDO that occurred during the late-1970s.
Fourier Analysis of Upper Ocean Heat Content Fields
[5] Inspection of the global ocean heat content integral suggests that the time series is dominated by a few low order waves which we quantify. Independent of the EOF analyses described above, we performed Fourier analysis on the same yearly ocean heat content fields. We then reconstructed the yearly global heat content fields using the first four harmonics (corresponding to periods of 48, 24, 16, and 12 years) and the first six harmonics (adding periods corresponding to approximately 10 and 8 years) and reconstructed the global heat content integral from these fields. As shown in Figure 3 , both reconstructed time series reproduce the linear trend and interdecadal variability of the observed heat content integral very well. Fourier components 1 -4 account for 64% of the variance associated with the global integral of ocean heat content. This documents that phenomena producing the global heat content integral are associated with decadal and greater time-scales.
Analyses of Linearly Detrended Fields
[6] In the on-line supplement to this paper we present results of EOF analysis of the yearly ocean heat content fields with linear trends removed. It is important to present analyses of both the original fields and the detrended fields. For example as shown in Figure 1 the first EOF exhibits a step-like change during the late 1970s. Computationally such a feature has a linear trend associated with it but we would not characterize such variability as a physical trend. In the auxiliary material, Figures S1a and S1b show the geographical distribution of the linear trend and the percent variance accounted for by this trend respectively. As evidenced by the distribution of percent variance, it is generally the Atlantic where the linear trends play the most important role (accounting for more than 15 percent of the variance over substantial regions). In the same format as Figure 1 , Figure S2 shows the four EOFs and their time series based on the detrended fields. EOFs 1 and 4 are similar in both sets of results. The third EOF in Figure 1 corresponds most closely to EOF 2 of Figure S2 . EOF 3 in Figure S3 is a new pattern that also appears to be related to the change in polarity of the PDO during the late-1970s. The time series of this pattern is positive during 1961 -1976 then decreases through 1997 after which it may be reversing the sign of its trend again. Figure S3 shows the reconstruc- tions of the linearly detrended global ocean heat content time series from the first four EOFs. These analyses again emphasize the dominant role played by Pacific Ocean heat content variability in determining global EOFs of ocean heat content.
Discussion and Perspective
[7] Our results document that the phenomena associated with the variability of the 0 -700 m global ocean heat content integral for 1956 -2003 are characterized by gyre and basin-scale spatial variability and time-scales approximately decadal and longer. Excluding the linear trend, the variability described in this paper is dominated by the reversal of polarity of the PDO in the late-1970s and El Niño phenomena. We emphasize that this is not the same as saying that heat content changes associated with these specific phenomena are responsible for all of the variability of the global heat content integral. Specifically, from observations alone we can not separate changes in heat content associated with the redistribution of heat and/or net changes in ocean heat content that may be associated with internal variability of earth's climate system, and a change in ocean heat content due to anthropogenic effects. An important observation is that the EOF analysis of the detrended heat content fields shows that it is the third EOF of this analysis that is associated with the reversal of polarity of the PDO. The linearly detrended heat content series shows an increase beginning around 1968 which peaks around 1977 and then decreases until 1987 to just slightly above its 1968 value. This suggests that the reversal in polarity of the PDO was associated with a large (relative to the linear trend) but temporary change in ocean heat content representing variability of earth's net radiation budget (top of the atmosphere) as a result of internal variability of the climate system. A similar phenomenon is seen in altimetric records of sea level [Leuliette et al., 2004] . Sea level rose by approximately 15 mm during 1997 and decreased by a similar amount during 1998 in association with the El Niño that occurred during this period. This implies a relatively large but temporary increase in ocean heat content associated with the El Niño phenomenon. Changes in the freshwater content of the world ocean also affects sea level. Chambers et al. [2000] present evidence suggesting that water was transferred from the ocean to the continents during this El Niño implying that ''the thermal expansion of sea level was significantly higher than the total sea level change measured by'' altimetry. Based on the similarity of the El Niño and PDO phenomenon [Zhang et al., 1997] we suggest these phenomenon are examples of internal variability of the climate system affecting earth's net radiation budget.
[8] Results of climate system model simulations of earth's climate system suggest that the observed increase in ocean heat content (based on the linear trend) during the past fifty years is due the increase of greenhouse gases in the earth's atmosphere Barnett et al., 2001 Barnett et al., , 2005 Reichert et al., 2002; Sun and Hansen, 2003; Gent and Danabasoglu, 2004] . However these models do not simulate the interdecadal variability in ocean heat content we have analyzed in this paper leading to suggestions [Sun and Hansen, 2003; Gregory et al., 2004] that the observational database and/or the models are deficient. We believe the work presented here suggest that the interdecadal variability in ocean heat content is real and is associated with the reversal in polarity of the PDO.
[9] Our results suggest that using 5-year or even 10-year running composites of ocean data to produce temperature anomaly fields is reasonable for estimating the interdecadal variability of ocean heat content. Similarly, our objective analysis used to create the temperature anomaly fields used to compute heat content incorporates data from regions surrounding each grid point (1-degree latitude-longitude grid) using a Gaussian-shaped distance-related weight function that effectively eliminates features with wavelengths less than 555 km [Stephens et al., 2002] . Considering the gyre and basin-scale spatial patterns associated with the heat content anomalies producing the 1956 -2003 global ocean heat content series, this is a reasonable analysis procedure. To produce the best analyses possible and reduce uncertainty associated with estimating ocean heat content fields more data are desirable. Efforts to acquire additional historical ocean profile data have been active since 1993 and are continuing [Levitus et al., 2005b] . Figure 3 . Reconstructions of the global ocean heat content integral using yearly heat content fields reconstructed from Fourier components 1 -4 (corresponding to periods equal or greater than 12 years) (red line) and Fourier components 1 -6 (corresponding to periods equal or greater than 8 years) (blue line). The black line represents the original global ocean heat content integral.
